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bstract

The first step of the catalytic cycle of ethene metathesis on molybdena-alumina catalyst, i.e., ethene addition to surface Mo methylidene centres,
s investigated by using the paired interacting orbitals (PIO) analysis based on the extended Hückel method. It is shown that the PIO theory is an

dequate approach for both qualitative and quantitative description of the process. The total overlap population between the Mo methylidene part
nd the C2H4 fragment of the Mo ethene–methylidene complex decreases with a decrease of the reactivity of the Mo methylidene centre towards
thene. Therefore, the total overlap population is expected to be a useful reactivity index for the molybdenum-based olefin metathesis catalysts.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Supported Mo systems are known as efficient catalysts
or olefin metathesis [1–10]. Molybdena-alumina catalyst is
nvolved in the large-scale Shell Higher Olefins Process (SHOP),
here linear higher olefins are produced from ethene. The pro-

ess consists of several steps, one of them being cross-metathesis
f linear alkenes [1–3].

According to the commonly accepted carbene mechanism
1,11], Mo alkylidene and molybdacyclobutane species are
resent on the catalyst surface. They are usually generated
y treatment of the catalyst precursor with alkene [1,4–9] or
ycloalkane [1,10]. As the concentration of the active sites in
he molybdena-alumina system is very low [12], their detailed
tructure has not been experimentally determined, so far. On
he other hand, theoretical DFT investigations of metathesis
ctive Mo sites on alumina were performed, using cluster models
13,14]. It was concluded that the reactivity of the Mo alkylidene

ites towards alkene depends on their geometrical and electronic
tructure parameters, both influenced by the location of the Mo
entre on the alumina surface.

∗ Corresponding author. Tel.: +48 12 6283072; fax: +48 12 6282037.
E-mail address: jhandz@pk.edu.pl (J. Handzlik).
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The paired interacting orbitals (PIO) theory [15,16] was suc-
essfully applied in investigations of various catalytic processes
nvolving solid catalysts [17–19]. In this work, we study qual-
tatively and quantitatively the interaction between ethene and

o methylidene centres on alumina, using the PIO analysis.
ddition of alkene to Mo alkylidene surface complex, lead-

ng to the molybdacyclobutane intermediate, is the first step of
he metathesis reaction. The main purpose of the present work
s testing whether the PIO analysis based on extended Hückel

olecular orbitals is an adequate tool for description of the ini-
ial stage of the metathesis process and for the prediction of
he reactivity of the surface Mo alkylidene species. Such calcu-
ations are not time consuming, in contrast to more advanced
uantum chemistry methods. This is an advantage of the pro-
osed approach, especially when relatively large systems are
nvestigated.

. Computational details

.1. Models
Cluster models of the Mo methylidene sites on �-alumina
1–6, Fig. 1), the corresponding ethene complexes (2et–6et) and
he transition states leading to the molybdacyclobutane interme-
iates (1ts–6ts) were described previously [13,14]. In the case

mailto:jhandz@pk.edu.pl
dx.doi.org/10.1016/j.molcata.2007.12.028
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Fig. 1. Cluster models of the M

f the structures 1–3, the Mo centres are placed on the (1 0 0)
urface of �-alumina, while the models 4–6 concern the Mo sites
ocated on the (1 1 0) alumina face. The geometries of the Mo
pecies and the first layer of the alumina parts of the models
ere optimised using density functional theory. The exception

s the ethene complex 1et, having an arbitrarily assumed geom-
try based on the optimised geometries of the structures 1 and
et. This is because the ethene complex 1et was not localised as
minimum on the potential energy surface (PES) [13].

Additionally, another series of ethene complexes models
1et′–6et′) is proposed in the present work. In Fig. 2, the exam-
le structure 1et′ is shown. In these models, the geometry of the
o site is obtained somewhat arbitrarily, as an “average” geom-
try of the ethene complexes 2et–6et. The geometrical details
re given in Table 1. The Mo-C1 and C2–C3 distances for the
tructures 1et′–6et′ are taken from the corresponding reactants,
.e., from the Mo methylidene centres and ethene.

Fig. 2. The structure of the Mo ethene-methylidene complex 1et′.
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hylidene centres on �-alumina.

The main purpose of using approximate geometry of the
thene complexes (1et′–6et′) is obtaining reasonable approxi-
ates of their reactivity without the time-consuming geometry

ptimization on high level of theory. Such an approach is espe-
ially useful for large catalytic systems.

The atomic labels in Fig. 2 refer to all ethene complexes and
ransition states considered in this work.

.2. DFT calculations

Geometry optimisation of the structures studied was per-
ormed using the Gaussian 03 program [20] and the B3LYP
unctional [21,22]. The Hay–Wadt effective core potential [23]
lus double zeta basis set was applied for molybdenum. To
escribe C, H, O and Al atoms, the Dunning–Huzinaga full dou-
le zeta basis set (D95) [24] was employed. Single point energy
alculations for the optimised structures were done using the
3LYP functional with the D95(d,p) basis set for C, O, Al and
, combined with the LANL2DZ basis set for Mo. Other details

re given elsewhere [13,14]. The presented relative energies do
ot include the zero point energy (ZPE) corrections.

.3. PIO calculations
Paired interacting orbitals (PIO) calculation, proposed by
ujimoto et al. [15,16], is a method for unequivocally determin-

ng the orbitals which should play dominant roles in chemical

able 1
he geometrical parameters of the ethene complexes 1et′–6et′

o–C3 2.60 Å
1–C2 2.84 Å
1–Mo–C3 102.5◦
o–C3–C2 80◦

1–Mo–C3–C2 ±10◦
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Table 2
Extended Hückel parameters

Orbital Hii (eV) ζ1 ζ2

H 1s −13.60 1.300 –
C 2s −21.40 1.625 –
C 2p −11.40 1.625 –
O 2s −32.30 2.275 –
O 2p −14.80 2.275 –
Al 3s −12.30 1.167 –
Al 3p −6.50 1.167 –
Mo 5s −8.77 1.960 –
M
M
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Mo alkylidene centre. In most cases, ethene complexes were
localised as minima on the PES at early stage of the reaction
[13,14]. In Table 3, the eigenvalues of the first seven PIOs for
the ethene complexes 1et–6et are presented. It can be seen that

Table 3
The eigenvalues of the PIOs of the ethene complexes

PIO-1 PIO-2 PIO-3 PIO-4 PIO-5 PIO-6 PIO-7

1et 0.191 0.077 0.024 0.009 0.004 0.003 0.002
2et 0.241 0.136 0.022 0.012 0.006 0.003 0.003
o 5p −5.60 1.900 –
o 4d −11.06 4.540 (0.5899a) 1.900 (0.5899a)

a Contraction coefficients.

nteractions between two systems, [A] and [B], which construct
combined system [C]. Here, [C] is the ethene complex or the

ransition state, while [A] is the Mo methylidene fragment and
B] is the C2H4 fragment. The geometries of [A] and [B] are the
ame as those in the complex [C] ([A-B]≡[C]). The extended
ückel MOs of [A], [B] and [C] are calculated. The extended
ückel parameters are given in Table 2. PIOs are obtained by

pplying the procedure that was proposed by Fujimoto et al.
15,16]. It is summarized as follows:

. We expand the MOs of the complex in terms of the MOs of
two fragment species, to determine the expansion coefficients
ci,f, cm+j,f and dk,f, dn+l,f:

Φf =
m∑
i=1

ci,f φi +
M−m∑
j=1

cm+j,f φm+j +
n∑
k=1

dk,fψk

+
N−n∑
l=1

dn+l,fψn+l (1)

whereΦ are the MOs of the complex [C],φ andψ are the MOs
of the fragment [A] and [B], respectively, m and n indicate
the number of the occupied MOs of A and B, respectively,
and M and N are the total numbers of the MOs of A and B,
respectively.

. We construct an interaction matrix P which represents the
interaction between the MOs of the fragment [A] and the
MOs of the fragment [B]:

P =
(

Pi,k Pi,n+l
Pm+j,k Pm+j,n+l

)
(2)

where:

Pi,k =
m+n∑
f=1

nf ci,f dk,f
Pi,n+l =
m+n∑
f=1

nf ci,f dn+l,f

3
4
5
6

talysis A: Chemical 284 (2008) 8–15

Pm+j,k =
m+n∑
f=1

nf cm+j,f dk,f

Pm+j,n+l =
m+n∑
f=1

nf cm+j,f dn+l,f

i = 1, . . . , m

j = 1, . . . ,M −m

k = 1, . . . , n

l = 1, . . . , N − n

nf -the number of electrons in orbital f.

. We get transformation matrix UA (for A) and UB (for B) by:

P†PUA = UAΓ (3)

UBs,v = (γv)
− 1

2

N∑
r

Pr,s U
A
r,v v = 1, . . . , N (4)

. Finally, we obtain the PIOs by Eqs. (5) and (6).

φ′
v =

N∑
r

UA
r,v φr (for A) (5)

ψ′
v =

N∑
s

UB
s,vψs (for B) (6)

The N × M orbital interactions in the complex C can thus be
educed to the interactions of N PIOs, N indicating the smaller
f the numbers of the MOs of the two fragments, A and B.

PIO calculations have been carried out on the LUMMOXTM

ystem [25,26].

. Results and discussion

.1. PIO analysis of the ethene complexes

The first step of ethene metathesis is ethene addition to
et 0.203 0.092 0.032 0.016 0.007 0.005 0.004
et 0.192 0.079 0.017 0.008 0.004 0.003 0.002
et 0.251 0.145 0.025 0.015 0.007 0.005 0.003
et 0.268 0.195 0.021 0.016 0.008 0.006 0.003
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Table 4
The occupation numbers of the PIOs of the ethene complexes

PIO-1 PIO-2 PIO-3

Catalyst C2H4 Total Catalyst C2H4 Total Catalyst C2H4 Total

1et 0.59 1.78 2.37 1.78 0.57 2.35 1.61 1.90 3.51
2et 0.45 1.70 2.15 1.81 0.51 2.32 1.58 1.95 3.53
3et 0.56 1.74 2.30 1.69 0.63 2.32 1.63 1.95 3.58
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In Table 5, the overlap populations (OP) of the PIO-1, PIO-2
and PIO-3 are listed. In Fig. 3, example contour maps of these
orbitals for the alkene complex 5et are plotted. One can notice
relatively high positive values of the OP of the PIO-1 and the in-

Table 5
The overlap populations of the PIOs of the ethene complexes

PIO-1 PIO-2 PIO-3

1et 0.132 0.021 −0.044
2et 0.245 0.044 −0.051
et 0.50 1.77 2.27 1.79
et 0.53 1.68 2.21 1.75
et 0.57 1.61 2.18 1.66

he PIO-1 and PIO-2 have a dominant contribution to the inter-
ction between the catalyst and ethene, however the principal
nteraction is represented by the PIO-1. The contribution of the
IO-3 is much smaller but not meaningless, while the remaining
IOs do not seem to be important.

The presentation of the PIO-1 and PIO-2 in terms of linear
ombinations of the canonical MOs indicates that the catalyst
art of the PIO-1 is composed mainly of the LUMO (the Low-
st Unoccupied Molecular Orbital), while the ethene part of the
IO-1 is almost the pure HOMO (the Highest Occupied Molecu-

ar Orbital). On the other hand, the PIO-2 of ethene is composed
ainly of the LUMO, whereas the dominant component of the
IO-2 of the Mo methylidene centre is the HOMO. Below, the
xample LCMO representations of the PIO-1 (φ′

1, ψ
′
1) and PIO-2

φ′
2, ψ

′
2) of the alkene complex 5et are presented. The subscripts

t the PIO components indicate the numbers of the canonical
Os.
The catalyst part:

′
1 = 0.13φ22 − 0.11φ87 + 0.17φ88(HOMO)

+0.73φ89(LUMO) − 0.47φ91 − 0.21φ92 + 0.32φ93 + · ·

′
2 = −0.11φ22 + 0.24φ87 − 0.93φ88(HOMO)

+0.14φ89(LUMO) − 0.10φ91 + · · ·

The C2H4 part:

′
1 = −0.14ψ5 − 0.96ψ6(HOMO) + 0.22ψ7(LUMO) + · · ·

′
2 = −0.18ψ1 − 0.38ψ2 − 0.10ψ5 − 0.22ψ6(HOMO)

−0.86ψ7(LUMO) + 0.11ψ12 + · · ·

The HOMO of the Mo methylidene complex is composed
argely of the 2pz orbital of C1 and the 4dxz orbital of Mo, while
he LUMO is a mixture of mainly the Mo 4dz2 and 4dxz orbitals
the Mo = C bond is parallel to the x axis and the methylidene
roup defines the xy plane). The HOMO and LUMO of ethene
re, of course, � and �* orbitals, respectively, composed pre-

ominantly of the 2pz orbitals. Therefore, the mentioned atomic
rbitals are the main components of the PIO-1 and PIO-2. For
xample, the LCAO representations of the PIO-1 and PIO-2 of
he ethene complex 5et are given below.

3
4
5
6

0.56 2.35 1.65 1.86 3.51
0.55 2.30 1.61 1.92 3.53
0.57 2.23 1.43 1.94 3.37

The catalyst part:

′
1 = −0.21Mo5s − 0.28Mo5pz − 0.83Mo4dz2 + 0.32Mo4dxz

+0.14O12pz + 0.15O22px + 0.17O22py + 0.13O22pz

+0.18O32pz + · · ·

′
2 = −0.10Mo5s − 0.16Mo4pz + 0.14Mo4dz2 − 0.47Mo4dxz

−0.10C12s − 0.10C12px − 0.70C12pz

+0.10O12pz + · · ·

The C2H4 part:

′
1 = 0.43C22pz + 0.79C32pz + · · ·

′
2 = 0.84C22pz + 0.14C32px − 0.55C32pz + 0.23H31s

+0.24H41s − 0.10H51s + · · ·

In Table 4, the occupation numbers of electrons for the PIO-1,
IO-2 and PIO-3 are listed. The C2H4 part of the PIO-1 is more
ccupied than the Mo methylidene part, on the contrary to the
IO-2. Thus, the PIO-1 represents electron delocalisation from

he occupied � orbital of ethene to the unoccupied orbitals of the
o methylidene centre, mainly dz2, while the PIO-2 shows back-

onation from the occupied space of the Mo site, contributed
ainly from the C1 2pz and Mo 4dxz orbitals, to the ethene �*

rbital.
et 0.150 0.025 −0.003
et 0.153 0.020 −0.037
et 0.228 0.048 −0.057
et 0.267 0.076 −0.048
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Fig. 3. Countur maps of the PIO-1, P

hase overlap. On the other hand, the positive values of the OP
f the PIO-2 are much lower and the overlap can be hardly seen.
s the PIO-3 is concerned, the OP value is negative (Table 5),

ndicating the repulsive interaction and no overlap (Fig. 3). In
his case, both orbital parts of the catalyst and ethene are occu-
ied (Table 4), which explains the antibonding character of the
IO-3.

The obtained results indicate that a nucleophilic attack with
dominant interaction between the HOMO of ethene and the

noccupied orbitals of the Mo methylidene site takes place at
he early stage of the reaction. This is consistent with other
eported studies [27] and with the previous DFT investiga-
ions of the molybdena-alumina metathesis catalysts [13,14].
s the result of this donation, a � bond is formed between the
olybdenum and C2H4 (Fig. 3). The back-donation is less sig-

ificant (Table 5, Fig. 3) and the C1–C2 bond is not formed
et.

.2. PIO analysis of the transition states

The structures 1ts–6ts are the saddle points localised on the
ES by using DFT [13,14]. They connect the ethene complexes
nd the corresponding molybdacyclobutane intermediates. On
he basis of the eigenvalues of the PIOs for the transition states
Table 6), it can be stated that the PIO-1 and PIO-2 represent the
rincipal interactions.
The presentation of the PIO-1 and PIO-2 in terms of linear
ombinations of the canonical MOs shows significant contribu-
ions of both HOMO and LUMO in PIO-1 and PIO-2. In the
ase of the C2H4 part, the LUMO contribution to the PIO-1 is

able 6
igenvalues of the PIOs of the transition states

PIO-1 PIO-2 PIO-3 PIO-4 PIO-5 PIO-6 PIO-7

ts 0.447 0.336 0.044 0.028 0.023 0.014 0.008
ts 0.529 0.399 0.066 0.035 0.029 0.015 0.012
ts 0.497 0.368 0.056 0.039 0.027 0.020 0.013
ts 0.436 0.336 0.043 0.025 0.023 0.014 0.008
ts 0.473 0.362 0.050 0.031 0.026 0.014 0.009
ts 0.493 0.362 0.055 0.029 0.024 0.011 0.009

T
t
m
a

φ

φ

nd PIO-3 of the ethene complex 5et.

ominant, while the HOMO content is largest in the PIO-2. The
xample LCMO representations of the PIO-1 and PIO-2 of 5ts
re presented below.

The catalyst part:

′
1 = 0.19φ22 − 0.26φ87 + 0.75φ88(HOMO)

−0.49φ89(LUMO) − 0.24φ91 − 0.11φ93 + · · ·

′
2 = 0.14φ87 − 0.57φ88(HOMO) − 0.69φ89(LUMO)

−0.35φ91 − 0.16φ93 + · · ·

The C2H4 part:

′
1 = 0.12ψ1 + 0.27ψ2 + 0.28ψ6(HOMO)

−0.91ψ7(LUMO) − 0.11ψ12 + · · ·

′
2 = 0.15ψ5 + 0.94ψ6(HOMO) + 0.27ψ7(LUMO) + · · ·
The PIO-1 of the catalyst part is composed mainly of the Mo

dz2, Mo 4dxz and C1 2pz orbitals, whereas the PIO-1 of the
2H4 part consists mostly of the 2pz orbital of C3 and, to less
xtent, of the 2pz orbital of C2. The PIO-2 of the catalyst part
s predominantly a mixture of the C1 2pz and Mo 4dz2 orbitals.
he 2pz orbital of C2 is the main component of the PIO-2 of

he C2H4 part, while the contribution of the C3 2pz orbital is
uch lower. The example LCAO representations of the PIO-1

nd PIO-2 for 5ts are given below.
The catalyst part:

′
1 = −0.10Mo5s − 0.53Mo4dz2 + 0.60Mo4dxz

+0.11C12s + 0.45C12pz + 0.16O22px + · · ·
′
2 = −0.18Mo5s − 0.26Mo5pz − 0.64Mo4dz2 − 0.11C12s

−0.60C12pz + 0.11O22py

+0.11O32pz + 0.11H11s + 0.11H21s + · · ·
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Table 7
The occupation numbers of the PIOs of the transition states

PIO-1 PIO-2 PIO-3

Catalyst C2H4 Total Catalyst C2H4 Total Catalyst C2H4 Total

1ts 1.42 0.90 2.32 0.75 1.32 2.07 1.34 1.85 3.19
2ts 1.40 0.84 2.24 0.65 1.43 2.08 0.94 1.87 2.81
3ts 1.44 0.83 2.27 0.66 1.41 2.07 1.11 1.88 2.99
4ts 1.42 0.89 2.31 0.73 1.32 2.05 1.28 1.85 3.13
5ts 1.46 0.82 2.28 0.65 1.42 2.07 1.11 1.87 2.98
6ts 1.51 0.74 2.25 0.54 1.54 2.08 0.78 1.91 2.69
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3

lap population ( OP), indicating the strength of the interaction
between two considered parts of the system, can be a reliable
and convenient reactivity index [18,19,26]. In Table 9, the total
overlap populations of the PIOs of the ethene complexes and

Table 8
The overlap populations of the PIOs of the transition states

PIO-1 PIO-2 PIO-3

1ts 0.198 0.263 −0.062
2ts 0.270 0.345 −0.014
Fig. 4. Countur maps of the PIO-

The C2H4 part:

′
1 = −0.50C22pz − 0.15C32s + 0.10C32px + 0.88C32pz

−0.20H31s − 0.21H41s + 0.13H51s + 0.12H61s + · · ·

′
2 = 0.81C22pz + 0.17C32px + 0.37C32pz + · · ·
On the contrary to the ethene complexes, the catalyst part of

he PIO-1 is more occupied in the transition states than the C2H4
art and, consequently, the C2H4 part of the PIO-2 is more occu-
ied than the catalyst part (Table 7). This is consistent with the
nalysis of the LCMO of the PIO-1 and PIO-2 and indicates that
ere the PIO-1 represents electron donation from the catalyst to
he C2H4 moiety, while the PIO-2 represents donation from the

2H4 part to the catalyst. Compared to the ethene complexes, the
rder of the PIO-1 and PIO-2 of the transition states is reverse,
hich is also seen from Figs. 3 and 4.
The overlap populations of the PIO-1 and PIO-2 are posi-

ive and do not differ very much one from another (Table 8).
he OPs are clearly higher than the corresponding values for

he ethene complexes (Table 5), which shows more advanced
lectron delocalisation in the transition states. This is connected
ith the formation of two single bonds: Mo-C3 and C1–C2, con-

rmed by the analysis of the LCAO representations of the PIOs
s well as by the inspection of the contour maps in Fig. 4. Sim-
larly as in the case of the ethene complexes, the PIO-3 orbital
s antibonding (Tables 7 and 8).

3
4
5
6

PIO-2 of the transition state 5ts.

The obtained results suggest that the Mo–C3 and C1–C2

onds are formed in an asynchronous manner, although both
onds are already developed in the transition state. However,
he analysis of the PIO orbitals of the alkene complexes and
he transition states indicates that the formation of the C1–C2

ond follows behind the Mo–C3 bond formation. This is consis-
ent with other reported results for similar systems [28,29], as
ell as with the previous DFT study of the molybdena-alumina

atalysts [13,14].

.3. Reactivity of the Mo methylidene centres

It was shown on the basis of the PIO analysis that total over-∑
ts 0.227 0.310 −0.023
ts 0.204 0.268 −0.054
ts 0.224 0.305 −0.043
ts 0.245 0.331 −0.006
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Table 9
The total overlap populations (

∑
OP) and the relative energies of the structures

studied (�E, kJ mol−1) ∑
OP �E

6et 0.282 −83
6et′ 0.163 –
6ts 0.516 −82
2et 0.225 −34
2et′ 0.145 –
2ts 0.521 −22
5et 0.204 −10
5et′ 0.090 –
5ts 0.430 −4
3et 0.146 −4
3et′ 0.081 –
3ts 0.463 6
4et 0.125 1
4et′ 0.065 –
4ts 0.372 10
1et 0.093 –
1et′ 0.044 –
1
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[
[
[

[
[

[
[

[
[
[

Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann,
O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala,
ts 0.352 51

ransition states are listed together with their DFT energies,
elated to the energies of the reactants (Mo methylidene cen-
re + ethene). These energetic parameters allow us to compare
he reactivity of the Mo methylidene centres 1–6 towards ethene.
herefore, on the basis of the DFT calculations, the following

eactivity order is predicted:

> 2 > 5 > 3 > 4 > 1 (7)

As can be seen from Table 9, the
∑

OP for the ethene
omplexes 1et–6et and 1et′––6et′ changes in the same decreas-
ng sequence as (7). Thus, the

∑
OP for the respective Mo

lkene-alkylidene complexes can be a reactivity index applied in
tudies of molybdenum-based olefin metathesis catalysts. More-
ver, the time-consuming geometry optimization of the alkene
omplexes, employing adequate, high-level theoretical methods,
ppears not to be necessary. The approximate geometry of the
omplexes (1et′–6et′, Table 1) is a sufficient approach to obtain
atisfactory results (Table 9). In such a case, only the appropri-
te geometries of the Mo alkylidene complexes and the alkene
olecule are needful.
When the transition states are concerned, the following

equence of the
∑

OP can be read from Table 9:

ts ∼= 6ts > 3ts > 5ts > 4ts > 1ts (8)

This sequence differs from the reactivity order (7). It is seen
hat the order of 2ts and 6ts, as well as the order of 3ts and
ts are reversed in (8), compared to (7). However, the differ-
nces between the

∑
OP values for both pairs are not significant.
herefore, an approximate prediction of the activity of the Mo
ethylidene complexes towards alkene, based on the

∑
OP for

he transition states, is still possible.
talysis A: Chemical 284 (2008) 8–15

. Conclusions

The PIO analysis has been applied to study the first step
f the catalytic cycle of ethene metathesis, i.e., ethene addi-
ion to Mo methylidene centres located on �-alumina. The PIO
pproach has appeared to be a useful tool for both qualitative
nd quantitative description of the process.

It is concluded that at the early stage of the reaction, elec-
ron donation from the � orbital of ethene to the unoccupied

orbitals of the Mo methylidene site is more significant that
he back-donation from the occupied space of the catalyst to the
thene �* orbital. Along the reaction path leading to the molyb-
acyclobutane intermediate, the formation of the Mo–Cethene
ond is followed by the Ccarbene–Cethene bond formation.

The total overlap population between the Mo methylidene
art and the C2H4 fragment of the Mo ethene-methylidene
omplex decreases with a decrease of the reactivity of the Mo
ethylidene centre towards ethene. Thus, the

∑
OP is expected

o be a useful reactivity index for the molybdenum-based olefin
etathesis catalysts.
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